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Many positive stand RNA viral genomes lack the poly(A) tail that is characteristic of cellular mRNAs and that promotes translation in cis.
The 3V untranslated regions (UTRs) of such genomes are expected to provide similar translation-enhancing properties as a poly(A) tail, yet the
great variety of 3V sequences suggests that this is accomplished in a range of ways. We have identified a translational enhancer present in the 3V
UTR of Turnip yellow mosaic virus (TYMV) RNA using luciferase reporter RNAs with generic 5V sequences transfected into plant cells. The
3V terminal 109 nucleotides comprising the tRNA-like structure (TLS) and an upstream pseudoknot (UPSK) act in synergy with a 5V-cap to
enhance translation, with a minor contribution in stabilizing the RNA. Maximum enhancement requires that the RNA be capable of
aminoacylation, but either the native valine or engineered methionine is acceptable. Mutations that decrease the affinity for translation
elongation factor eEF1A (but also diminish aminoacylation efficiency) strongly decrease translational enhancement, suggesting that eEF1A is
mechanistically involved. The UPSK seems to act as an important, though nonspecific, spacer element ensuring proper presentation of a
functional TLS. Our studies have uncovered a novel type of translational enhancer and a new role for a plant viral TLS.
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used at the beginning of an infection as the mRNA from
which the early viral genes are expressed. These RNAs must
thus appear in a form that is efficiently utilized by ribosomes
in competition with cellular mRNAs. Eukaryotic mRNAs
almost universally have a 5V-m7GpppN cap structure and a 3V-
poly(A) tail, both of which promote translation. Small ribo-
some subunits are drawn to the 5V terminus through inter-
actions via the eIF3 initiation factor complex with the eIF4F
complex that binds the cap (Pestova et al., 2001). The poly(A)
tail promotes translation in part as a result of interactions
between bound poly(A)-binding protein and eIF4G, a subunit
of eIF4F, thereby producing a circular RNA with termini in
close proximity (Gallie, 1998; Mangus et al., 2003; Sachs et
al., 1997). Many positive strand viral RNAs deviate from the
design of cellular mRNAs by lacking either a 5V-cap, 3V-
poly(A) tail, or both. An appreciation of viral gene expression0042-6822/$ - see front matter D 2004 Published by Elsevier Inc.
doi:10.1016/j.virol.2003.10.023
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E-mail address: theo.dreher@orst.edu (T.W. Dreher).requires understanding how viral mRNAs overcome the
disadvantage of lacking these features.
Turnip yellow mosaic virus (TYMV) is one of the many
plant viruses with a genomic RNA that has a 5V -cap but
lacks a poly(A) tail. The 3V noncoding region is a 109-nt
sequence that comprises a tRNA-like structure (TLS) and
an upstream pseudoknot (UPSK) (Fig. 1). The TLS is a
highly efficient mimic of tRNAVal, interacting with at least
three tRNA-specific proteins as efficiently as tRNAVal:
CCA nucleotidyltransferase, which adds the 3V-terminal
adenosine to complete the -CCA 3V end (most virion RNAs
lack the terminal A; Briand et al., 1977); valyl-tRNA
synthetase, which covalently links valine to the 3V end;
and translation elongation factor eEF1A, which binds the
valylated RNA to form a valyl-RNAeEF1AGTP ternary
complex (Dreher and Goodwin, 1998; Florentz and Giege´,
1995; Mans et al., 1991). The UPSK and TLS compose the
entire 3V untranslated region (UTR) of the subgenomic
RNA, from which the coat protein (CP) is translated (Fig.
2A). The genomic RNA has a considerably longer 3V UTR
that encompasses the entire CP ORF as well as the UPSK
and TLS (Fig. 2A).
Fig. 1. The 3V tRNA-like structure (TLS) and upstream pseudoknot
(UPSK), distinctive features present at the 3V end of TYMV RNA. The
sequence and secondary structure of the entire 3VUTR of the coat protein
(CP) subgenomic RNA are shown, with the CP stop codon underlined.
The main structural features of the TLS are indicated as L1 loop (L1) in
the acceptor/T arm, and the T-, D-, and anticodon (A/C) loops that are
analogs of the same features in tRNAs. The major valine identity
nucleotides in the anticodon loop are circled. The UPSK (nt 108–87) is
shown with proposed tertiary base-pairing interactions marked as parallel
lines. The endpoints of templates linearized by DraI and XmnI restriction
enzymes (see Fig. 2) are shown. Nucleotides are numbered from the 3V
terminal A, which is shown in parentheses because it is not present on
virion RNA but is thought to be added rapidly in the cytoplasm by host
CCA nucleotidyltransferase.
Fig. 2. Luciferase reporter RNAs demonstrating translational enhancement provid
from two 3V colinear mRNAs, the genomic RNA (top) and the coat protein (CP) s
which is translationally silent in the genomic RNA (indicated by a dashed box). Th
white and black bars, respectively. *, m7GpppG cap. (B) The reporter mRNA co
3V-UTR sequences surrounding the luciferase-coding region (LUC) are shown.
analyzed. At the top is shown the 684 nt 3V UTR of the genomic RNA (gUTR); t
TLS, indicated as in A. Below is shown the 109 nt 3V-UTR of the CP subgenom
were fused directly to the BamHI site (underlined) of the vector 3V UTR to produc
with truncated 3V-ends are indicated, with dashed lines representing absent seque
each capped RNA in cowpea protoplasts are tabulated at the right. The data are d
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3V UTRs of the non-polyadenylated genomes of several
positive strand RNA viruses (Gallie and Kobayashi, 1994;
Gallie and Walbot, 1990; Hann et al., 1997; Koh et al., 2003;
Meulewaeter et al., 1998; Neeleman et al., 2001; Qu and
Morris, 2000; Wang et al., 1997; Wu and White, 1999). In
this communication, we report our studies on the presence of
translational enhancer activity in the 3V UTR of TYMV
RNA. While such activity has been observed in Tobacco
mosaic virus (TMV) and Brome mosaic virus (BMV) RNAs,
both of which possess a 3V TLS, none was previously
detected in TYMV RNA (Gallie and Kobayashi, 1994).
We demonstrate that the 3V terminal 109 nt of TYMV RNA
does indeed provide strong translational enhancer activity.
This activity is dependent on the ability of the RNA to be
aminoacylated, and therefore assay RNAs must be produced
with authentic 3V-termini, explaining the failure of the earlier
study to detect translational enhancement.Results
The TYMV 3V noncoding region enhances translation
synergistically with the 5V- cap
Two types of viral mRNAs are present during TYMV
infections: the genomic RNA with overlapping ORFs from
which p69 and p206 are translated, and the 3V colinear
subgenomic RNA from which the coat protein (CP) ised by the 3V-UTR of TYMV RNA. (A) The TYMV genes are expressed
ubgenomic RNA. The 3V UTR of the genomic RNA includes the CP gene,
e UPSK and TLS, common to the 3V UTRs of both RNAs, are indicated as
nstructs used to assess gene expression in cells. The vector-derived 5V and
Two forms of TYMV 3V-UTR, represented by bars at right, have been
his includes the silent coat protein ORF (cross-hatched) and the UPSK and
ic RNA (sgUTR) comprising only the UPSK and TLS. The TYMV UTRs
e the L-family of RNAs (L for LUC). Restriction sites used to make RNAs
nce; the missing length of RNA and the relative LUC expression levels of
erived from duplicate transcripts and at least two transfection experiments.
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UTRwhich we refer to as gUTR andwhich includes the silent
CP ORF, the UPSK, and the TLS. The subgenomic mRNA
has a 109-nt-long 3V UTR, shown in Fig. 1, which we refer to
as sgUTR and which contains the TLS and UPSK.
To assess the effect of the 3V region of TYMV RNA on
translation, the gUTR and sgUTR were placed downstream
of a firefly luciferase (LUC) reporter gene and a short
vector-derived 3V UTR using a BamHI site for cloning
(Fig. 2B). A 17-nt-long vector-derived sequence served as
the 5VUTR. In vitro transcription with T7 RNA polymerase
after linearization of plasmids with XmnI produced run-off
transcripts L-TYg and L-TYsg (L for LUC), with the CC 3V
termini that correspond to the termini of native encapsidated
TYMV RNAs (Briand et al., 1977). A 3V terminal A residue
is thought to be added rapidly in the cytoplasm by the host
tRNA-specific enzyme CCA nucleotidyltransferase for
which TYMV(3V-CC) RNA is an excellent substrate (Dreher
and Goodwin, 1998). Transcripts were introduced into
protoplasts by polyethylene glycol-mediated transfection,
and messenger function was assayed as the activity of
LUC present in extracts made from harvested cells. Typi-
cally, protoplasts made from cowpea mesophyll cells were
used and harvested 8 h after transfection, but similar results
were obtained with Chinese cabbage mesophyll protoplasts
and cultured carrot protoplasts. Although cowpea plants doFig. 3. Synergistic stimulation of LUC expression by the TYMV 3V UTR and a 5V
shown for the indicated capped and uncapped RNAs. (C) RNA half-life and LUC
from duplicate transcripts and at least two transfection experiments. Functional ha
All LUC activities are expressed as relative light units per min per mg total prote
UTRs. Synergy between the 5V-cap and 3V-TYsg UTR is determined as the ratio of
unmodified reference RNA: 3V-TYsg effects are 28.6 (capped) and 2.93 (uncapped
from the genome of TMV (U1 strain) and is transcribed from DNA linearized with
RNAs.not support systemic TYMV infections, cowpea protoplasts
support TYMV replication (K. Gopinath and T.W.D.,
unpublished).
Addition of the genomic and subgenomic 3V UTRs to the
vector 3V UTR (L-Bam RNA transcribed from BamHI-
linearized plasmid) of 5V-m7GpppG-capped RNAs increased
LUC accumulation 11- and 25-fold, respectively (Fig. 2B).
By comparison, the addition of a strong 3V translational
enhancer element from the 3V UTR of TMV RNA (Gallie
and Kobayashi, 1994) increased expression 27-fold (Fig.
3C). These results show that the 3V UTR of TYMV RNA
contains sequences that strongly upregulate gene expres-
sion. Indeed, LUC expression from capped RNA supported
by the TYMV sgUTR is comparable to that supported by a
LUC reporter RNA with a 3V-poly(A) tail (Figs. 3A, C).
The domains within the 3V UTR contributing to enhanced
LUC expression were mapped by 3V truncation of both L-
TYg and L-TYsg RNAs. Truncated RNAs were produced
by template linearization at upstream PvuII, SmaI, and DraI
restriction sites instead of the usual XmnI (Fig. 2B). The
DraI site is positioned within the UPSK, upstream of the
TLS, such that linearization at DraI would produce RNAs
lacking both the UPSK and TLS elements (Figs. 1 and 2B).
Truncation of L-TYsg RNA at this site abolished all
detectable enhancement of expression, while L-TYg-Dra
and L-TYg-Sma RNAs supported LUC expression at levels-cap. (A and B) Time courses of LUC expression in cowpea protoplasts are
activities determined from experiments such as those in A and B using data
lf-life of each RNAwas determined as time to half maximum LUC activity.
in. ELE(A)80 is a polyadenylated LUC RNA with human eEF1A 5V and 3V
the 3VUTR effect between capped and uncapped RNAs using L-Bam as the
), with 9.8-fold enhancement due to synergy. L-TMV RNA has the 3V190 nt
SmaI to produce RNAs with 3V-CC termini like those of the TYMV reporter
D. Matsuda, T.W. Dreher / Virology 321 (2004) 36–46 392–3-fold higher than L-Bam RNA (Fig. 2B). These results
indicate that the strongest contribution to enhanced gene
expression is found within the UPSK and TLS elements that
compose the sgUTR. Interestingly, these features have a
weaker enhancing effect in the context of the longer gUTR,
in which sequences further upstream (between the PvuII and
DraI sites, 612–93 from the 3V end) also contribute to
expression. These observations seem analogous to the
decreased influence of a poly(A) tail with longer 3V UTRs
and to the independent translation-enhancing effect of long
3VUTRs (Tanguay and Gallie, 1996a, 1996b).
To distinguish whether increased LUC expression was a
function of increased RNA stability or improved translation,
we monitored LUC activity from L-TYsg RNA at five
different time points up to 8 h posttransfection. In the
experiment shown, LUC activity derived from capped L-
TYsg RNA reached a plateau between 6 and 8 h posttrans-
fection at a level 28.6 times higher than that reached after
transfection with the L-Bam RNA (vector UTR; Figs. 3A,
C). The functional half-life of L-TYsg RNA as an mRNA
(time taken to reach half maximal LUC expression; Gallie,
1991) was 108 min, compared with 67 min for the L-Bam
RNA (Figs. 3A, C). Improved RNA stability thus contrib-
uted 1.6-fold towards increased LUC expression, leaving
17.6-fold increased LUC expression as the contribution of
true translational enhancement. By comparison, addition of
the 3V UTR of TMV RNA (3V terminal 191 nt) resulted in
LUC expression 27.0 times higher than from L-Bam RNA
(Fig. 3C). RNA functional half-life was increased by 1.5-
fold, leaving an 18-fold enhancement of expression due to
improved translational efficiency. The 3V 109 nt of TYMV
RNA thus provides RNA stabilization and translational
enhancement comparable to that provided by the TMV 3V
UTR (Gallie and Kobayashi, 1994).
LUC expression in cowpea cells was strongly dependent
on the presence of a 5V-cap (m7GpppG). Expression levels
reached after transfection with uncapped RNA were up to a
thousand-fold lower than those reached with capped RNA
(Figs. 3B, C), and it was necessary to transfect with four
times as much RNA to obtain LUC levels that were
significantly above background. The poor expression from
uncapped RNAs was not due to RNA instability because the
functional half-lives of uncapped RNAs were about 2 h (Fig.
3C). Note that this half-life may be overestimated because
low expression levels make accurate estimation difficult, but
the uncapped RNAs are clearly quite stable. Similar results
have been previously reported in plant cells with uncapped
RNAs (Gallie and Kobayashi, 1994). Indeed, for RNAs in
the cytoplasm, stability is considered to be the default status
(Sachs, 1993), with rapid turnover resulting from the pres-
ence of specific destabilizing elements (Jacobson and Peltz,
1996; Sachs, 1993).
Direct comparison of LUC expression supported by
capped and uncapped L-TYsg and L-Bam RNAs indi-
cates that the 5V-cap and TYMV 3V UTR act synergisti-
cally to enhance LUC expression. Thus, the independenteffects (with reference to uncapped L-Bam RNA) of a 5V-
cap and 3V-sgUTR are 162- and 2.93-fold, respectively
(Fig. 3C), which predicts a 475-fold combined effect.
However, expression from capped L-TYsg RNA was
4640-fold higher than from uncapped L-Bam RNA,
indicating a 9.8-fold increase due to synergy (Fig. 3C).
This type of synergy is considered to represent the
advantage obtained from the mechanistic interaction be-
tween 5V-cap and 3V UTR (Mangus et al., 2003; Tarun
and Sachs, 1995). Our results demonstrate the presence
of a strong 3V translational enhancer in the sgUTR of
TYMV RNA.
Aminoacylatability correlates with TYMV 3V translational
enhancement activity
The importance of aminoacylation to infectivity (Dreher
et al., 1996; Tsai and Dreher, 1991) and the localization of
translational enhancement to little more than the TLS led
us to investigate the role of aminoacylation. Mutations
involving the major valine identity element in the antico-
don (CGC and CCA replacing the CAC wild-type antico-
don) were introduced into L-TYsg RNA to produce L-TY-
CGC and L-TY-CCA RNAs, respectively. Mutation of the
wobble base C57 to produce anticodons GAC and AAC in
L-TY-GAC and L-TY-AAC RNAs, respectively, was used
as a control. The in vitro valylation activity of each of
these LUC reporter RNAs was checked, confirming the
abolition of valine charging upon mutation of nucleotide
A56 and unchanged valylation upon mutation of the
wobble base (Figs. 4A, B). RNAs defective in valylation
expressed LUC at levels 13–14% relative to L-TYsg RNA
(L-TY-CGC and -CCA RNAs), whereas wobble mutants
(L-TY-GAC and -AAC RNAs) expressed LUC at relative
levels of 61–62% (Fig. 4A). While the source of this
minor decrease for the wobble mutations is unknown,
these results indicate that the abolition of valylation has
a strong effect on translational enhancement. Nevertheless,
the LUC expression from L-TY-CGC and -CCA RNAs at
a level about 3-fold higher than that from L-Bam RNA
suggests that 3V translational enhancement is not exclu-
sively associated with valylation. The functional half-life
of L-TY-CGC RNA was 59 min, similar to that of L-Bam
RNA and shorter than that of L-TYsg RNA (Fig. 3C).
Mutations that convert the TLS identity from valine to
methionine were introduced into L-TYsg RNA. As shown
previously, a valine-to-methionine identity switch of the
TYMV TLS requires changing both nucleotides in the
anticodon loop and shortening the L1 loop of the acceptor
stem pseudoknot (see Fig. 1) (Dreher et al., 1996). As a
control with inefficient methionine charging (and no valine
identity), we used a construct carrying a TLS with the
methionine identity nucleotides in the anticodon but with
wild-type L1 sequence (i.e., CUCU). L-TY-Met(L1=UU)
RNA, which could be methionylated in vitro (Figs. 4A, C)
and whose TLS corresponded to that of an infectious
Fig. 4. Close relationship between tRNA mimicry and translational enhancement. (A) The in vitro aminoacylation and eEF1A.GTP-binding properties for TLS
mutant variants of L-TY-sgUTR RNA are shown. Aminoacylation was tested in IV buffer using a partially purified wheat germ aminoacyl-tRNA synthetase
preparation. eEF1A.GTP binding was studied with purified wheat germ eEF1A. Note that L-TY-28A29 and -28U29 RNAs were more active in valylation in
TM buffer, whereas L-TY-CGC RNA is as inactive in this buffer as it is in IV buffer conditions (not shown). LUC expression (at 8 h posttransfection) for each
RNA construct is indicated. B and C show valylation and methionylation profiles, respectively, for the indicated L-RNAs. (D) eEF1A.GTP-binding profiles
recording protein-bound 3H[valine]-labeled RNA recovered on filters. Note the displacement of the valyl-L-TY-28U29 RNA binding curve to the right relative
to the valyl-L-TYsg curve and failure to reach binding saturation (plateau); valyl-L-TY-28A29 RNA produced a similar binding curve (not shown).
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expression to a level 48% relative to L-TYsg RNA.
LTYMet(L1 = CUCU) RNA, which is poorly methiony-
lated and whose TLS corresponds to that of a noninfec-
tious TYMV variant (Dreher et al., 1996), supported 14%
the LUC expression of L-TYsg RNA. As a control,
mutation of only the L1 loop, retaining the wild-type
anticodon as well as the valylation and infectivity ofgenomic RNA (Dreher et al., 1996), resulted in LUC
levels 67% relative to L-TYsg RNA [L-TY(L1 = UU)
RNA; Fig. 4A].
The results with paired RNAs that can and cannot be
aminoacylated are the same regardless of the aminoacyla-
tion identity, valine or methionine. This involvement of
tRNA properties in the translational enhancement provided
by the 3V UTR is essentially the same as in genome
D. Matsuda, T.W. Dreher / Virinfectivity, and suggests an involvement of eEF1A, which
is able to interact tightly with both valylated and methio-
nylated TLSs. No discrete mutations in tRNAs or viral
TLSs that selectively affect eEF1A interaction and not
other tRNA properties have been described. Because
eEF1A binding is prevented by bulky nucleotide modifi-
cation in the T-stem (Dreher et al., 1999), we introduced
one or two residues between TLS nucleotides 28 and 29
or between 29 and 30, hoping that these would be
excluded from the helix and perturb eEF1A binding.
Affinity for eEF1AGTP is indeed decreased for L-TY-
28A29 and -28U29 RNAs (Figs. 4A, D), although these
RNAs are also partially defective in valylation. These
RNAs were very inefficient mRNAs, supporting less
LUC expression than L-TY-CGC and -CCA RNAs despite
being considerably more active in valylation. Note that
valylation assays performed on these LUC mRNAs made
from XmnI-linearized templates are actually combined
assays for 3VA addition by CCA nucleotidyltransferase
and valylation. Because L-TY-28A29 and -28U29 RNAs
are at least partial substrates for adenylation and valyla-
tion, we conclude that their very low activity as mRNAs
is a consequence of their reduced affinity for eEF1A.Fig. 5. Involvement of the upstream pseudoknot in translational enhancement. (A)
shown. The SL element has a stable GNRA-type tetraloop. (B) The wt UPSK is sh
effects on pseudoknot formation. The dashed lines for the single point mutants ind
activity (8 h posttransfection) and in vitro valylation levels (in IV buffer) of eachThe upstream pseudoknot plays a significant but nonspecific
role in 3V translational enhancement
Alongside the TLS, the second distinctive feature present
in the 3V terminal 109 nt of the TYMV RNA is the UPSK.
The translational enhancement provided by the TMV 3V
UTR has been mapped to a pseudoknot domain immediately
upstream of the TLS (Gallie and Walbot, 1990; Leathers et
al., 1993). We set out to test whether the UPSK contributes
to the function of the TYMV 3V UTR.
Deletion of the UPSK from the sgUTR resulted in an
RNA (L-TYTLS RNA) that was poorly valylated and was
not further tested as a LUC mRNA. We have previously
observed an effect of the presence or absence of an upstream
sequence on the ability of the TLS to form a functional
valylatable structure, and presumably, in this case, the TLS
was predominantly misfolded. For further experiments on
the role of the UPSK, we substituted this element in L-TYsg
RNA with generic spacers, A9UA9 and the stem/loop (SL)
shown in Fig. 5A. As controls, these were also added
upstream of the UPSK. The A9UA9 spacer was chosen
because it has a weak potential for base pairing and
interfering with the overall RNA folding; the internal U
ology 321 (2004) 36–46 41The two spacer sequences inserted upstream of or replacing the UPSK are
own, together with the 96G and 107C sequence changes and their expected
icate base pairings that are destabilized by the central mismatches. (C) LUC
RNA construct are tabulated.
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binding protein, which has been reported to require 11 or
more consecutive A residues for high-affinity interaction
(Sachs et al., 1987); a poly(A) tail shorter than about 30
residues was unable to promote translation (Preiss et al.,
1998). The control constructs, L-A9UA9-TYsg and L-SL-
TYsg RNAs, supported LUC expression at levels 116% and
126%, respectively, relative to L-TYsg RNA, indicating
little or no independent effect of the spacers (Fig. 5C). L-
A9UA9-TLS and L-SL-TLS RNA, in which the UPSK has
been substituted with A9UA9 and SL, supported high levels
of LUC expression, 135% and 81%, respectively (Fig. 5C).
All RNAs were active substrates for valylation (Fig. 5C).
In another test of UPSK function, we introduced point
mutations (U96!G and A107!C) that were designed to
disrupt the tertiary interaction forming the UPSK (Fig. 5B).
In genomic RNA, the U96!G mutation resulted in low
infectivity that was rescued by the A107!C mutation
acting as a second site suppressor (Tsai and Dreher,
1992). RNAs L-TYsg-96G and L-TYsg-107C could be
valylated in vitro to levels about 60% relative to L-TYsg
RNA, and directed LUC expression to levels 19% and 21%
relative to L-TYsg RNA (Fig. 5C). Combination of these
mutations should rescue UPSK formation (Fig. 5B); such a
construct (L-TYsg-96G/107C RNA) valylated to 78% the
level of L-TYsg RNA and supported LUC expression at
37% relative to L-TYsg RNA (Fig. 5C).
These combined results suggest that the UPSK plays an
important role in the 3V translational enhancement, but that
this role is nonspecific and is probably involved in en-
couraging the correct folding or presentation of the TLS so
that it can be efficiently recognized by host valyl-tRNA
synthetase.Table 1
Correlation among infectivity, translational enhancement (TE), and amino-
acylatability for 3VUTR mutants
3VUTR Rel.
TEa
Rel.
Aminoacylationb
Percentage of
infectivityc
wt 1.00 1.00 100
CGC anticodon 0.14 0 0
CCA anticodon 0.13 0 0
AAC anticodon 0.62 1.03 100
GAC anticodon 0.61 1.10 100
CAC (L1 = UU) 0.67 0.92 100
Met (L1 = CUCU) 0.14 0 0
Met (L1 = UU) 0.48 0.37 40
a Relative translational enhancement as reported in this paper.
b Relative extent of aminoacylation as reported in this paper.
c Infectivity (% of plants inoculated with variant genomic transcripts that
become infected); data taken from Dreher et al. (1996) and [Tsai and Dreher
(1991, 1992)].Discussion
The TYMV 3VUTR is a strong translational enhancer
Using a luciferase (LUC) reporter system with a generic
(nonviral) 5VUTR, we have shown that the 3VUTR of TYMV
RNA strongly enhances gene expression from 5V-capped
mRNAs in plant cells. The addition of TYMV 3V UTR
sequences to a capped LUC mRNA increased LUC expres-
sion by 25-fold. Only a small part (1.6-fold) of this increase
was due to RNA stabilization, with the bulk of the effect
apparently due to increased translational efficiency. The
TYMV 3V UTR provided a modest 3-fold enhancement of
LUC expression from uncapped mRNA, but its effect was
almost 10-fold greater in the presence of a 5V-cap (Fig. 3),
reflecting a synergistic interaction between these two fea-
tures found at opposite ends of the mRNA. These properties
in translational regulation are essentially identical to those of
the 3V UTRs of TMV and BMV, two other plant viruses
whose genomes have a 5V-cap and a 3V TLS (Gallie and
Kobayashi, 1994; Leathers et al., 1993). The overall pictureis similar to the contribution of the poly(A) tail to translation
in plant cells (Gallie, 1991; Gallie and Walbot, 1990).
Maximal translational enhancement is provided by the 3V
109 nt of TYMV RNA, which includes the TLS and
upstream pseudoknot (UPSK) (Fig. 1). This is the entire
3V UTR of the subgenomic RNA, but only a fraction of the
genomic 3V UTR. In the latter context, the 3V 109 nt
consistently provided 2–3-fold weaker translational en-
hancement. However, until mRNA constructs that include
the viral 5V UTR are studied, this does not necessarily mean
that the genomic RNA is a weaker mRNA than the
subgenomic RNA. In the genomic RNA, upstream 3V
UTR sequences contribute to translational expression (Fig.
2B), although we have not investigated whether this is due
to specific sequences or is a nonspecific property associated
with the length (684 nt) of the 3V UTR (Tanguay and Gallie,
1996a, 1996b).
Transfer RNA mimicry is tightly associated with transla-
tional enhancement
Translational enhancement provided by the TYMV 3V
UTR was strongly associated with the intact tRNA mimicry
of the TLS. Our reporter RNAs produced from XmnI-
linearized DNA templates were designed to provide a 3V
terminus (-CC) identical to that of the virion RNA, permit-
ting the addition of a 3V adenosine by host CCA nuc-
leotidyltransferase and subsequent aminoacylation and
interaction with eEF1A. Anticodon mutations controlling
aminoacylation showed that aminoacylation is crucial for
translational enhancement, although the identity of the
amino acid (valine or methionine) is not crucial (Fig. 3).
This relationship is identical to the relationship between
aminoacylation and the infectivity of TYMV RNA (Table
1). Our results explain why previous studies, in which an
inappropriate 3V terminus was used, failed to detect transla-
tional enhancement by the TYMV 3V UTR (Gallie and
Kobayashi, 1994).
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with valine, suggests the involvement of eEF1A. Amino-
acylated viral RNA is bound by eEF1AGTP as tightly as
aminoacylated tRNA (Dreher et al., 1999), and because
eEF1A is abundant in the cell, aminoacylated viral RNA
would be expected to become associated with eEF1AGTP.
We sought to obtain experimental evidence in support of a
role for eEF1A using TLS mutants with specific defects in
eEF1A binding. RNAs L-TY-28A29 and -28U29, with a
single nucleotide insertion in the T-stem, had greatly de-
creased affinity for eEF1AGTP, although their valylation
activities were also partly compromised (Fig. 4). These
RNAs supported less LUC expression than non-valylatable
mutants (L-TY-CGC and -CCA) despite their clearly supe-
rior aminoacylation activity (Fig. 4). We interpret this result
to indicate that translational enhancement requires an inter-
action between the charged RNA and eEF1AGTP, although
this conclusion will need to be verified with additional
experiments.
Our experiments also addressed the role of the UPSK in
translational enhancement. The UPSK is certainly impor-
tant, because upon its deletion from the L-TYsg reporter
RNA, valylation was so poor that we did not test the RNA
for translational activity. Because the TLS alone supports
efficient valylation (Dreher and Goodwin, 1998), the effect
of UPSK removal was likely via misfolding of the RNA.
Further, point mutations disrupting the tertiary base pairing
that forms the pseudoknot (L-TY-96G and -107C) de-
creased translational enhancement significantly (Fig. 5),
and LUC expression was partly rescued by the combina-
tion of these mutations to restore pseudoknot formation
(Fig. 5; L-TY-96G/107C RNA). However, the UPSK could
be entirely substituted with the generic spacers A9UA9 and
SL (Fig. 5), and the UPSK is not a conserved feature of
tymovirus 3V UTRs (Hellendoorn et al., 1996). We favor
the interpretation that the UPSK is an important feature
that acts as a nonspecific spacer to present the TLS in an
optimal way, allowing it to fold into a conformation
suitable for valylation.
Translational enhancement and function of the TLS during
TYMV infection
The initial event in a positive strand RNA virus infection
is the translation of the viral genome to produce the proteins
that will support genome replication. We have shown here
that the 3V UTR of TYMV RNA acts as a translational
enhancer that synergistically supports the major role of the
5V-cap in directing translation by ribosomes. This function is
similar to that of the poly(A) tail in cellular mRNAs, where
translational enhancement is in a large part due to the
elaboration of molecular contacts among the 3V-poly(A) tail,
poly(A) binding protein, and translation initiation factors that
assemble around the 5V-cap (Gallie, 1998; Mangus et al.,
2003; Sachs et al., 1997). These interactions that circularize
the mRNA enhance translation at the initiation stage.One model for the way in which the TYMV 3V UTR
promotes translation would be to recruit host factor(s),
available at the outset of an infection, that recapitulates
RNA circularization of polyadenylated mRNAs through
molecular contacts (direct or indirect) to the initiation
factors that assemble at the 5V-cap. From our results, the
translation elongation factor eEF1A would seem to be a
prime candidate for participation in such a network, involv-
ing this elongation factor in an extraordinary role in
regulating initiation. However, we are aware of no obser-
vations that link eEF1A to the translation initiation machin-
ery. Another way in which the TYMV 3V UTR promotes
translation could be by influencing translation termination
in such a way as to facilitate reinitiation, but without
molecular bridging to the 5V end, perhaps by retaining
contact with the dissociated large ribosomal subunit. A
precedent for such a mechanism is found in the communi-
cation between poly(A)-binding protein and eRF3 transla-
tion termination factor (reviewed in Mangus et al., 2003). A
further mechanism contributing to increased luciferase pro-
duction might invoke the chaperone activity of eEF1A,
conveniently sequestered in cis at the 3V end, in promoting
the productive folding of nascent polypeptides on the
ribosome (Hotokezaka et al., 2002). Enhancement through
increased translation elongation seems unlikely in view of
the abundance of eEF1A and the fact that the elongation
phase of translation is rarely rate limiting or the target of
regulation (Macdonald, 2001).
Finally, the TYMV 3V UTR might enhance translation
through interaction between the viral RNA and ribosomal A
sites (Haenni et al., 1982; Hall, 1979). During the elongation
phase of translation, aminocylated tRNA is delivered to the
A site of the ribosome as aminoacyl-tRNAeEF1AGTP
ternary complexes. It is not known whether aminoacylated
TYMV RNA is capable of such an interaction, but if so, this
could assist in the recruitment of ribosomes away from
competing mRNAs. A ribosome sequestered in this way
may dissociate to provide the small subunit that binds at the
5Vend for conventional initiation, although there would need
to be a protective mechanism to prevent the same interfer-
ence during TYMV RNA translation. A different scheme
involving interaction between the TYMV 3V UTR and a
ribosome that circumvents the standard steps of initiation
has recently been suggested (Barends et al., 2003). That
scheme is proposed to direct the initiation only of the p206
ORF and not the p69 ORF (see Fig. 2A) via a cap-
independent process, and therefore must require guidance
by some 5V sequence. Because we have not used TYMV 5V
sequences in our experiments and do show 5V-cap/3V UTR
synergy, the scheme of Barends et al. does not seem to be
applicable in explaining our observations.
An interesting question is whether the TLSs of other viral
RNAs also function in translational enhancement with a
similar reliance on aminoacylation and apparent reliance on
eEF1A binding. The 3V UTRs of both TMVand BMV RNA
strongly enhanced translation in experiments in which the
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representing additional nucleotides; Gallie and Kobayashi,
1994). The 3V nucleotides of tRNAs are known to turn over
in vivo (Deutscher, 1982), and exonuclease trimming in
cells could have removed the two additional residues to
produce TMV and BMV RNA termini capable of histidy-
lation and tyrosylation (Mans et al., 1991), respectively. No
experiments have directly addressed the relationship be-
tween tRNA mimicry and the translational enhancement of
these 3V UTRs. However, translational enhancement of the
TMV UTR has been mapped to the upstream pseudoknot
domain, with no activity detected for the TLS domain alone
(Gallie and Walbot, 1990). Intriguingly, it has recently been
deduced through UV cross-linking experiments that eEF1A
binds to the upstream pseudoknot domain in addition to the
aminoacylated TLS (Zeenko et al., 2002). TMV may have
evolved two functionally redundant ways to recruit eEF1A
for translational enhancement, and perhaps the upstream
pseudoknot domain has become dominant in this role over
the TLS. Given our experience with apparent misfolding of
the TYMV TLS upon removal of upstream sequences,
however, a reexamination of the role of the TMV TLS
would be worthwhile.
As illustrated by the data summarized in Table 1, the
tRNA-like properties of TYMV RNA are strongly correlat-
ed with 3V translational enhancement and with the infectivity
of the genomic RNA. Our observations indicate that an
important role of tRNA mimicry is the provision of trans-
lational enhancement in support of optimal gene expression.
In the accompanying paper (Matsuda et al., 2004), we
demonstrate that tRNA mimicry also allows regulation of
minus strand transcription and is probably important in
regulating the transition from the early phase of viral gene
expression to the subsequent phase of genome replication.Materials and methods
Plasmid constructs and in vitro transcription
The plasmid constructs used in this study were prepared
by cloning PCR-amplified TYMV 3V UTR derived from
pTYMC (Weiland and Dreher, 1989) (GenBank accession,
X16378) into pLuc, a transcription plasmid that carries the
firefly luciferase (LUC) ORF under the control of the T7
promoter (gift of D. Gallie, UC-Riverside). Upstream pri-
mers included a BamHI site and downstream primers a SacI
site to permit easy directional insertion into pLuc. Ampli-
fication of the TMV 3V UTR used pTMV004 (gift of Dr.
W.O. Dawson) as template. PCR amplification used Vent
DNA polymerase (New England Biolabs), and all plasmid
constructs were verified by DNA sequencing. pELE(A)80
was a gift of W.-W. Chiu (Chiu and Dreher, unpublished).
RNAs were transcribed from appropriately linearized
plasmid DNA with T7 RNA polymerase in the presence
or absence of m7GpppG cap analog. Template DNA wasremoved by incubation with RNase-free DNase. RNA
transcript quantity and quality were analyzed by native
1% agarose gel electrophoresis using for calibration a
dilution series of transcripts of known concentration. In
some cases, [a-32P]CTP was present in the transcription
reaction, and TCA filter precipitation and liquid scintillation
counting were used to quantify RNA.
Protoplast transfection
Mesophyll protoplasts were isolated from the first true
leaves of cowpea (Vigna unguiculata) seedlings and trans-
fected using polyethylene glycol as described previously for
Chinese cabbage (Weiland and Dreher, 1989). Typically, 5
 105 protoplasts were transfected with 2.5 Ag of capped
RNAs or up to 10 Ag of uncapped RNAs. After washing,
transfected protoplasts were resuspended in 1 ml growth
medium [0.44 M D-mannitol, 3% sucrose, 0.01% inositol, 1
mg/l thiamine, 5 AM 2,4-D, and 0.1 AM kinetin, adjusted to
pH 5.6] and held for 8 h under constant fluorescent
illumination at room temperature (21 jC) before harvesting.
A linear relationship between transfected RNA and LUC
light yield was maintained for up to 30 Ag of RNA.
For each construct, RNAs transcribed in duplicate were
each introduced at least twice into separately prepared
protoplasts.
Analysis of luciferase activity
Harvested protoplasts were lysed in 50 Al Passive Lysis
Buffer (Promega) for 5 min with constant shaking at room
temperature. Typically, protoplasts were harvested 8 h post-
transfection; LUC is a stable protein in plant cells, and time
courses showed LUC activity reached a plateau 6–8 h after
transfection. Portions of each extract (10 Al) were loaded
into the wells of clear-bottom black 96-well plates, and
mixed with 50 Al Luciferase Assay Reagent (Promega) for
luminometry in a 1450 MicroBeta TriLux counter (Wallac).
For normalization of LUC activity, the protein concen-
tration of each sample was determined (Coomassie Plus
protein assay, Pierce). The functional half-life of each RNA
was determined as the time taken to reach half the maximum
accumulation of LUC (Gallie, 1991).
Aminoacylation and eEF1A binding assays
Aminoacylation with valine or methionine used activities
present in a partially purified wheat germ aminoacyl-tRNA
synthetase preparation (Dreher et al., 1992). Valylation was
carried out in TM buffer (25 mM Tris–HCl, pH 8.0, 2 mM
MgCl2, 1 mM ATP, 0.1 mM spermine) or in IV buffer (30
mM HEPES, pH 7.5, 100 mM potassium acetate, 2.5 mM
magnesium acetate, 1.5 mM ATP) with 10 AM [3H]valine
(24 Ci/mmol). Methionylation assays were conducted in IV
buffer with 10 AM [35S]methionine (500 Ci/mmol). Extents
of aminoacylation were assayed by TCA precipitation as
D. Matsuda, T.W. Dreher / Virology 321 (2004) 36–46 45described (Dreher et al., 1992). Where applicable, amino-
acylated RNAs were stored in 5 mM sodium acetate (pH
5.2) at  80 jC (Dreher et al., 1999).
eEF1A-binding assays were performed by ribonuclease
protection assays as described (Dreher et al., 1999) using
purified wheat germ eEF1A.Acknowledgments
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